A single form of tRNA Tr P exists in the yeast cytoplasm to respond to the unique codon, UGG, which specifies this amino acid. Mutations in the anticodon of the corresponding gene, which generate potential nonsense suppressor tRNAs, have been generated in vitro and tested in vivo for biological activity. The amber (C35U) and opal (C34U) suppressors show strong and weak activities respectively while the ochre suppressor (C34U.C35U) has no detectable biological activity. To understand the basis for these differences, a set of synthetic tRNA Tr P genes has been constructed to permit in vitro, T7 RNA polymerase synthesis of transcripts corresponding to the normal and mutant tRNAs. Kinetic parameters for aminoacylation of these transcripts by purified, yeast, tryptophanyl-tRNA synthetase have been measured and compared to values observed using the naturally occuring tRNA Tr ? as a substrate. The efficiency of aminoacylation is reduced by 40, 2000, and 30,000 fold by the C35U, C34U, and C34U.C35U mutations respectively. Interestingly, the C35U change affects only tRNA binding while C34U also alters catalytic efficiency. We conclude that both C34 and C35 are major identity elements in the recognition of tRNA Tr P by its cognate synthetase. These differences in aminoacylation efficiency closely parallel the in vivo suppressor activities of the mutants.
INTRODUCTION
Elucidation of the genetic code and the mechanisms of protein biosynthesis has revealed the essential role played by transfer RNAs in decoding genetic information. The members of this class of molecules each have an identity defined by the specific amino acid that is enzymatically attached to the 3'-terminus of the tRNA. Each isoacceptor set of tRNAs contains distinct identity elements that mediate correct recognition by their corresponding aminoacyl-tRNA synthetases (aaRS). These identity elements can be either positive, features the cognate aaRS recognizes directly, or negative, features that block recognition by other aaRSs (1) .
The identity of a tRNA is the net result of these two types of interactions.
There are twelve conserved nucleotides found in most tRNAs that are involved in tertiary interactions allowing the tRNAs to fold into the common three dimensional structure (2, 3) . The remaining nucleotides can be varied within the restrictions of the cloverleaf secondary structures (4) . It is these variable nucleotides that distinguish one class of tRNA from another.
In some cases, determination of tRNA identity can be done in vivo using suppressor assays and amino acid sequence analysis to measure responses to nonsense codons. This method is not generally applicable as only a subset of all tRNAs can function as suppressors. Further, detailed kinetic parameters can not be measured in vivo. To circumvent these problems, a system has been developed using in vitro transcription with T7 RNA polymerase to prepare large quantities of specific tRNA sequences (5) . Because base modifications generally do not play a major role in the acceptor activity of tRNA (5) , these synthetic transcripts can be used as substrates to quantitate the effects of base changes at specific sites on the kinetics of interaction with cognate and/or noncognate aaRS. There are also exceptions to this generalization (6, 7) .
Since the anticodon sequence is directly related to the identity of many tRNA species, it is a logical site for aaRS recognition (1) . Because Met and Tip are each represented by a unique codon, their anticodon sequences may be expected to contribute to tRNA identity. The tRNA
Met from E. coli has been studied extensively (8, 9, 10) . Anticodon bases clearly play a major role in the interaction of this tRNA with the methionyl-tRNA synthetase (metRS). The importance of the anticodon in the identity of E. coli tRNA Tr P was recognized by analyses of su +7 mutants which produce tRNA Tr P with a CUA anticodon (11, 12) . This tRNA inserts predominantly Gin during translation (13) and actually has a dual identity, charging equally well with Gin and Trp (14) . It is an interesting point that somehow the E. coli translationm achinery discriminates against Trp-tRNA Tr ' ><:UA (15) . In vitro aminoacylation of tRNA Gln transcripts with base substitutions at positions 34, 35 and 36 show that E. coli tryptophanyl-tRNA synthetase (trpRS) recognizes all three nucleotides of the tRNA Gln anticodon (16) . Also shown in this work is that
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"^Present address: Department of Microbiology and Molecular Genetics, College of Medicine, University of California -Irvine, Irvine, CA 92717, USA tRNA Gln -UCA (opal suppressor) inserts mainly tryptophan in vivo. The combined results of these studies showed the interchangeability of the Gin and Trp tRNA identities by base substitutions in their anticodons. These data clearly show that discrimination by these synthetases between these two tRNAs depends strongly on recognition of C35 by trpRS and U35 by glnRS.
Other E. coli tRNAs have also been shown to involve one or more anticodon nucleotides in aaRS recognition (reviewed in 17). The contribution of the anticodon to aaRS recognition in yeast has also been recognized. Those yeast tRNAs that have had their identity linked, at least in part, to the anticodon include Asp (18) , Met (19, 20) , Phe (3), Tyr (21) , and Val (22) .
The question addressed herein is if anticodon nucleotides C34 and C35 contribute significantly to the identity of yeast, cytoplasmic tRNA Tr P. In vitro analyses of the tRNA Tr P-trpRS interaction was accomplished using T7 RNA polymerase transcripts of four synthetic genes which correspond to mature tRNA Tl ? as well as C34U, C35U and the corresponding double mutant. These anticodon changes also generate opal, amber, and ochre suppressor forms of tRNA Tr P whose biological activities have been measured in vivo (23, 24) . Catalytic parameters for each synthetic tRNA were measured, using in vitro charging assays with purified trpRS, and compared to those of natural tRNA Tr P which was purified from bulk yeast tRNA. 
MATERIALS AND METHODS

Materials
DNA and RNA manipulations
Large scale preparation of plasmid DNA was done as described by Raymond et al. (27) or Kreig and Melton (28) . The rapid boiling method of Holmes and Quigley (29) was used for small scale isolations.
Electrophoresis of DNA and RNA in polyacrylamide gels was done as described in Sambrook et al. (25) . Discontinuous polyacrylamide gels were used for protein separations (30) .
E. coli cells were transformed by the procedure of Hanahan (31) .
The polynucleotide kinase exchange reaction was used to endlabel in vitro transcripts and purified yeast tRNA Tr P (32) . Dideoxynucleotide sequencing reactions were done using the Sequenase enzyme as recommended by the supplier, USB Corp.
For isolation of bulk yeast tRNA, a modification of the method from Cherayil (33) was used which included 2 extra phenol extractions and eliminated the DEAE-cellulose chromatography. The tRNA from 1 L of a late log-phase culture of yeast strain W303-1B, containing the plasmid YCpl9-TrpDCEN (24), was isolated then deacylated as described by Sarin and Zamecnik (34) . The tRNA Tr P was purified using the BD-cellulose procedures of Gillam et al. (35) and Gillam and Tener (36) but employing step rather than linear gradients of NaCl to elute tRNAS. The tRNA Tr P was further purified by preparative electrophoresis on 10% polyacrylamide-8 M urea gels. Residual acrylamide and urea were remove by reversed-phase chromatography on an NENsorb cartridge. The tRNA was lypholized, resuspended in 100 iA of 10 mM HEPES(pH 7.5)-20 mM MgCl 2 -l mM EDTA, then heated to 65°C and slow cooled to 25°C.
Tryptophanyl-tRNA synthetase preparation
Post-mitochondrial supernatant preparation and (NH 4 ) 2 SO 4 fractionation were done essentially as described (37,38) using 400 g of fresh bakers yeast. In addition to potassium phosphate(pH 7.2) at the concentrations indicated, all buffers contained 5 mM /3-mercaptoethanol, 1 mM EDTA, 0.5 mM PMSF, and 10% glycerol. The dialyzed (NH^SC^ fraction was applied to a column of hydroxylapatite (HAP) pre-equilibrated with buffer containing 10 mM potassium phosphate. The column was washed with 0.2 M potassium phosphate then trpRS activity eluted with a linear gradient from 0.2-0.4 M potassium phosphate. After dialysis in 10 mM potassium phosphate, the active fractions were chromatographed on DEAE-cellulose using a linear gradient of 10-100 mM potassium phosphate. The trpRS, eluted at approximately 65 mM potassium phosphate, was loaded directly on a heparin-agarose column, washed with 250 mM KC1 and eluted in 2.0 M KC1.
The specific activity of trpRS is increased -35,000 fold in the active fraction from heparin-agarose chromatography. A 50 kDa polypeptide, corresponding to the trpRS activity identified by Hossain and Kallenbach (38) is a major component of this fraction, however, this enyzme preparation is not homogeneous. The trpRS activity was made 25% in glycerol and stored at -70°C.
Synthetic tRNA
Ti r genes Six synthetic oligodeoxynucleotides representing mature, yeast tRNA'T with a T7 RNA polymerase promoter and BstNl restriction site were prepared (Fig. 1 ). Oligomers 2, 3, 4 and 5 were phosphorylated using T4 polynucleotide kinase, combined with stoichiometric amounts of the two remaining oligomers, and the mixture heated to 92 °C then cooled to 25° C over a three hour period. The annealed oligomers were joined using T4 DNA ligase then extracted with phenol:chloroform:isoamyl alcohol(25:24:l) (PCI) then chloroform:iso-amyl alcohol(24:l) (CI) and ethanol precipitated. Ligation products were resolved by electrophoresis on a non-denaturing, 10% polyacrylamide gel. Gel purified insert DNA was ligated into £o>Rl+fla/nHl digested pBR322 and cloned in E. coli. Transformants representing each of the 4 possible anticodon types, CCA, UCA, CUA, and UUA were identified by restriction endonuclease mapping and dideoxynucleotide sequencing.
In vitro transcription Template DNA was prepared by digesting plasmid DNAs carrying the synthetic tRNA Tr P genes with BstNl followed by extractions with PCI and CI. The linearized DNAs were used as templates in transcription reactions using T7 RNA polymerase, as recommended by the supplier, to produce mature length tRNA transcripts. The RNAs were purified by electrophoresis on 10% polyacrylamide gels containig 8 M urea. Residual acrylamide, urea and salts were removed by reversed-phase chromatography on NENsorb purification cartridges as recommended by the manufacturer. Transcripts were lypholized, suspended in 50 ^1 of 20 mM MgCl 2 -10 mM Tris-Cl(pH 8.0)-1 mM EDTA and renatured by heating to 65° C for 5 min followed by slow cooling to 25 "C.
In vitro aminoacylation
Charging reactions were carried out in 30 mM HEPES(pH 7.5), 15 mM MgCl 2 , 25 mM KC1, 4 mM DTT, 2.5 mM ATP, 1 mg/ml bovine serum albumin, 50 /tg/ml E. coli rRNA, 10 mM-3 H-Trp (16 Ci/mmol) with tRNA and trpRS at the concentrations indicated. Aliquots of reaction mixtures were spotted on Whatman GF/C filter discs then placed in ice-cold, 10% trichloroacetic acid (TCA). Filters were washed in cold 10% TCA then 65% ethanol, dried, and 3 H-Trp incorporation determined by liquid scintillation counting. For kinetic studies involving natural yeast tRNATrp and the normal transcript, 0.1 ng//il of purified trpRS was used. Enzyme concentrations used with the three mutant forms of tRNA Tr P were 1.0, 2.0, and 2.5 ng//il for C35U, C34U and C34U,C35U respectively. The concentrations of different tRNA substrates were varied from 1/10 to 5 times the apparent K M .
Aminoacylation reactions to determine saturation levels of charging for the the natural tRNA Tr P and synthetic transcripts were performed as described with 0.5 nM tRNA and 2 ng/ml enzyme with time points taken between 0-30 min. Maximum acceptor activities for the tRNAs, expressed in pmol/A 2 6o unit were; natural 1000, normal800, C34U200, C35U100, and C34U,C35U100. These values could be increased by increasing enzyme concentration indicating the lower values are likely due to competition from non-enzymatic deacylation (39) .
RESULTS
Synthetic tRNAs with anticodon mutations
Synthetic oligos were assembled, ligated and cloned into pBR322 such that 4 different forms of yeast tRNA Tl ? could be generated as run-off transcripts using T7 RNA polymerase. The central portion of the gene, containing the anticodon region, was constructed with two mixed sequence oligos which, when assembled, produce double-stranded DNA segments corresponding to either tRNA Tr P" CCA or one of three anticodon mutants (Fig. 1) . A clone representing each gene type was identified by dideoxynucleotide sequence analysis (Fig. 2A) . The integrity of the complete transcription unit was also confirmed for each gene by DNA sequence analysis (data not shown).
Run-off transcription on ZfcfNI-digested, plasmid DNAs from these clones results in transcripts with primary sequences identical to those of unmodified tRNA 71^^, tRNATi*™, tRNA T T-UCA and tRNA Tr i >UUA . Aliquots of each transcript, as well as purified, native tRNA Tr P, were labeled with 32 P using the polynucleotide kinase exchange reaction and electrophoresed on a high resolution, 10% polyacryamide-8 M urea gel. An autoradiogram of the gel shows the relative mobilities of the tRNAs (Fig. 2B) . The natural tRNA has a slightly lower 
CAGGTTCAATTCCTGTCCGTTTCACC/AG (6) TTCCCAACGTCCAAGTTAAGGACAGGCAAAGTGGT/CCTAG /BstN1/ Figure 1 . Synthetic DNA fragments used to construct templates for in vitro synthesis of the normal and mutant forms of tRNA Trp . Fragments 2, 3, 4, and 5 were phosphorylated using T4 polynucleotide kinase. All 6 fragments were then mixed in equimolar amounts, heated for 2 min in boiling H 2 O, and then slow cooled to allow annealing. The annealed fragments representing the synthetic genes were joined using T4 DNA ligase, gel purified, and cloned into pBR322 which had been digested with EcoRI plus BamHI. The tRNA Tlp sequence extends from +1 to +75. The T7 promoter and BstNI cleavage sites are marked. Two degenerate positions in each of fragments 3 and 4 give rise to the 4 different anticodon sequences.
electrophoretic mobility than the transcripts. This probably reflects the positive charge and additional mass introduced by base modifications. The autoradiogram is somewhat over exposed to reveal minor products, ± 1 nucleotide different in size. The major band constitutes 95% of the transcription product from each gene.
Kinetics of aminoacylation
In vitro kinetic analyses were performed on the four synthetic transcripts as well as purified yeast tRNA Trp . Values for K^ and "Vinax for each tRNA type were determined by least squares regression analysis of Lineweaver-Burke plots and are summarized in Table I 
DISCUSSION
Unmodified transcripts corresponding to a variety of tRNAs have been used to study aminoacylation kinetics (40) suggesting that these transcripts can assume normal tRNA secondary and tertiary structure. NMR and Pb +2 cleavage studies on the structure of unmodified yeast tRNA 13116 clearly demonstrate that the molecule is folded normally (41) . We examined the electrophoretic mobility of fully modified yeast tRNA and synthetic transcripts (Fig. 2B) . Yeast tRNA Tr P normally contains thirteen methyl groups introduced post-transcriptionally.
Two of" these, 1-methyladenosine and 7-methylguanosine, generate positive charges. As expected, the elevated MW and reduced negative charge introduced by the methyl groups of purified yeast tRNA Tr P result in a lower electrophoretic mobility for this molecule than the unmodified transcripts (Fig. 2B) The synthetic tRNAs were used to quantitate the affects of transitions at C34 and C35 on yeast trpRS activity. Although yeast tRNA (Table I) . It therefore appears that none of these base modifications are critical for aminoacylation by trpRS. However, the 3 fold increase in K M measured for the unmodified transcript is experimentally significant. We do not know if this reflects direct interactions between modified bases and the enzyme or subtle differences in the positions of other contacts. The reason for the 2 fold increase in Vtnax observed with the unmodified transcript is also not apparent.
The C -U transition at position 35 increases K M for tRNA 40 fold indicating an important role for this base is substrate binding (Table I ). This mutation also produces a potential amber suppressor form of yeast tRNA Tr P. We have demonstrated that this tRNA is a functional suppressor in vivo (23, 24) . Further, this tRNA inserts exclusively Trp in response to UAG codons (42) . Therefore, the tRNA is, within limits of experimental error, charged exclusively with Trp when in competition with the other 19 aminoacyl-tRNA synthetases suggesting negative elements outside the anticodon also play a role in tRNA Tl ? identity. This is clearly not the case for E. coli since an amber-suppressor version of E. coli tRNA Tr P is charged equally well with either Gin or Trp (14) . It is clear that the recognition features of trpRS have changed appreciably between prokaryotes and eukaryotes. This also appears to be the case for tyrRS (43) and metRS (44) , even though there is, in general, substantial amino acid sequence identity in aaRS enzymes from the two organisms (45) . However, recent in vitro results indicate the E. coli trpRS also uses anticodon bases as positive identity elements (46) .
The C-U transition at position 34 results in a 70 fold increase in K M and a 30 fold decrease in V^ for a 2000 fold net loss of charging efficiency (Table I ). The dramatic decrease in V,ŵ ith the C34U change, not seen with C35U, implies that there may be a communication between the anticodon binding site of the enzyme and the catalytic center approximately 35A distant. Similar kinetic changes have been observed with other aaRS (17) suggesting there may be conformation changes in the active site which are induced by anticodon binding. The C35U mutation also creates a potential opal suppressor, tRNA Tr P" UCA . Studies in vivo have demonstrated this tRNA does not exhibit suppressor activity when the corresponding gene is present on a single-copy vector but does show activity when introduced on a multi-copy vector (24, 47) . The observation that this mutant is charged 50 fold less efficiently than the amber suppressor tRNA Tr P provides a plausible explanation for reduced suppressor activity in vivo. C34A  U35A  U35C  U35C  U34G  C34U  C34G  C34G.A35G  G35U  G35A  C35U  U35G   G34U  G34A  G34C  G34A  G34U  U35C  U35A  U35G  A35C  C34G  U36C  G34A  G34C  G34U  A35C  A35U  G34U  G34C  G34A  *35C  ¥35 ~ A  G34C,¥35U  G34C,¥35C  G34U,¥35U G34U,¥35C The C34U.C35U double mutant suffers a 30,000 fold reduction in charging efficiency (Table I) . Even though this sequence creates a potential ochre suppressor, tRNA T| P-UUA , genes corresponding to this tRNA do not exhibit detectable suppressor activity even when introduced on a multi-copy vector (24) .
Overall, the in vitro charging efficiencies of the 3 mutant forms of tRNA Tr P closely parallel their suppressor activities measured in vivo. The very low charging observed with the opal and ochre mutations provides a plausible explanation as to why these mutations were never identified in extensive screens of mutagenized yeast (48) . However, it is still unclear why an amber suppressor mutant in a tRNA Tr P gene has never been detected by in vivo screening.
This data indicates that bases at positions 34 and 35 are directly involved in recognition of yeast tRNA Tr P by trpRS. The C -U transitions result in the substitution of a keto oxygen for an amino group at position 4 and the presence of a proton at N3 of the pyrimidine ring. We would predict that the trpRS makes H-bond contacts with both C34 and C35 at one or both of these sites. The mutations reverse H-bond donor-acceptor relationships at each position and would therefore be expected to disrupt such interactions. It has also been noted that the CD spectra of both bovine and yeast tRNA Tr P change when C residues in the anticodon are deaminated by bisulfite suggesting a conformation change may result from the transitions (49) .
The magnitude of the effect of mutations at positions 34 and 35 in yeast tRNA Tr P can be compared to those observed with other tRNAs. (Table II) . With the caveat emptor that there is only partial overlap between the E. coli and yeast tRNAs which have been examined, E. coli aaRS seem to depend much more strongly on the anticodon for recognition of tRNAs than do yeast. The majority of anticodon mutations examined in E. coli lead to > 1000 fold loss in charging efficiency while in yeast, most changes are < 100 fold. The C35 of tRNA Tr P has the largest kinetic affect on aminacylation of any anticodon base in yeast systems studied to date. Also, the affect of the C34U,C35U double mutant is more than a 100 fold greater than any other anticodon alteration which has been examined in this organism. We therefore conclude that C34 and C35 are major, positive, identity elements in yeast tRNA 
